Cadmium (Cd) is a widespread heavy metal of particular concern with respect to the environment and human health. Although intensive studies have been conducted on Cd-exposed transcriptome profiling, little systematic proteome information is available on the molecular mechanism of Cd stress response in radish. In this study, the radish root proteome under Cd stress was investigated using a quantitative multiplexed proteomics approach. Seedlings were grown in nutrient solution without Cd (control) or with 10 or 50 mM CdCl 2 for 12 h (Cd10 and Cd50, respectively). In total, 91 up-and 66 down-regulated proteins were identified in the control vs Cd10 comparison, while 340 up-and 286 down-regulated proteins were identified in the control vs Cd50 comparison. Functional annotation indicated that these differentially expressed proteins (DEPs) were mainly involved in carbohydrate and energy metabolism, stress and defense and signal transduction processes. Correlation analysis showed that 33 DEPs matched with their transcripts, indicating a relatively low correlation between transcript and protein levels under Cd stress. Quantitative real-time PCR evidenced the expression patterns of 12 genes encoding their corresponding DEPs. In particular, several pivotal proteins associated with carbohydrate metabolism, ROS scavenging, cell transport and signal transduction were involved in the coordinated regulatory network of the Cd stress response in radish. Root exposure to Cd 2+ activated several key signaling molecules and metalcontaining transcription factors, and subsequently some Cd-responsive functional genes were mediated to reduce Cd toxicity and re-establish redox homeostasis in radish. This is a first report on comprehensive proteomic characterization of Cd-exposed root proteomes in radish. These findings could facilitate unraveling of the molecular mechanism underlying the Cd stress response in radish and provide fundamental insights into the development of genetically engineered low-Cd-content radish cultivars.
Introduction
The contamination of soil and water by heavy metals (HMs) has become a major agricultural and environmental challenge worldwide (Clemens et al. 2013) . Cadmium (Cd), one of the widespread non-essential trace metals, exhibits high toxicity to plants and animals. Plant exposure to excess Cd 2+ can trigger severe disorders and disturbances, such as respiration and transpiration inhibition, disruption of carbohydrate metabolism, nutrition and oxidative stress, which collectively contribute to detrimental effects on plant growth and development (Thapa et al. 2012 , DalCorso et al. 2013 . Moreover, Cd can enter the human body via environmental exposure and ingestion, resulting in chronic impairment of major organs (Alessandro et al. 2013) . To effectively reduce potential Cd risks to the environment and human health, it is imperative to reveal the molecular mechanisms underlying Cd uptake, translocation and accumulation in plants.
Over recent decades, two-dimensional gel electrophoresis (2-DE) analysis coupled with mass spectrometry (MS) has been widely used as a traditional proteomic approach for plant functional protein separation and identification.
However, this method has some technological limitations in the identification of overly large/small, acidic/basic, hydrophobic and low-abundance proteins (Koh et al. 2015) . Isobaric tags for relative and absolute quantification (iTRAQ), a powerful gel-free approach to detect actively expressed proteins, has become a prospective method for simultaneous identification and quantification of protein abundance from multiple samples under established biological conditions (Khan et al. 2016 ). Owing to the technical advantages of high accuracy and sensitivity and more accurate quantification, the iTRAQ-based proteomic technique has been extensively applied to global protein expression profile analysis of plant responses to several abiotic stresses, including heat , Echevarría-Zomeño et al. 2016 , cold (Pittman et al. 2014 , salinity (Fan et al. 2015) , drought (Koh et al. 2015 , Oh and Komatsu 2015 , Khan et al. 2016 ) and HM stresses (Jiang et al. 2015 , Zargar et al. 2015 , Ma et al. 2016 ).
Comprehensive identification of major functional proteins that play vital roles in the regulatory network of plant HM stress is a fundamental step in gaining deeper understanding of molecular mechanisms underlying metal accumulation, detoxification and homeostasis (Clemens et al. 2013 , Zargar et al. 2015 . In the past decade, an increasing number of transcriptome studies focusing on HM stress-induced gene expression and metabolite changes have been carried out in various plant species Komatsu 2013, Li et al. 2014 ). However, due to the loose correlation between mRNA transcription patterns and their corresponding protein abundances, a comprehensive proteomic analysis is crucial in identifying candidate target proteins that actively participate in coordinated HM stress response pathways in plants. Recently, several proteomics studies on identification of HM-related (i.e. Cd, Al and Hg) differentially regulated proteins have been performed in several plant species, such as rice, wheat, soybean and tomato (Lan et al. 2011 , Jiang et al. 2015 , Zhou et al. 2016 , and some HM-stress-responsive proteins involved in protein metabolism, energy, stress and defense and other processes have been successfully identified (Visioli and Marmiroli 2013, Zargar et al. 2015) . So far, however, limited information on the identification of HM-regulated proteins is available in root vegetable crops.
Radish (Raphanus sativus L., 2 n = 2 x = 18) is an economically important root vegetable crop belonging to the Brassicaceae family. Large natural phenotypic variation in root Cd uptake and accumulation exists among different radish genotypes, emphasizing the great need to develop genetically engineered radish cultivars with low Cd content in edible organs. Although some Cd-responsive microRNAs and functional genes had been identified in our previous studies (Xu et al. 2013 , no systematic studies on the use of proteomics to address Cd-regulated candidate target proteins have been conducted in radish. The aims of this study were to assess root proteome changes and to identify differentially expressed proteins (DEPs) under Cd stress in radish. The authenticity and accuracy of the proteome data were confirmed through quantitative real-time PCR (RT-qPCR). Based on correlation analysis of the Cd-responsive root miRNAome, transcriptome and proteome, a schematic molecular model of Cd stress response is proposed in radish. The outcomes of this study could contribute to better understanding of the molecular mechanism underlying the Cd stress response in radish, and provide valuable information for designing effective strategies for genetically engineering low-Cd-content radish cultivars and other root vegetable crops.
Results

Overview of the quantitative proteomics analysis
In total, 241,107 MS/MS spectra were generated from Cd-free and Cd-treated radish roots using iTRAQ analysis. After eliminating the low-scoring spectra, a total of 20,452 spectra were matched to known spectra, and 17,579 unique spectra were matched to 9,725 unique peptides, resulting in 3,898 proteins identified from radish roots. The numbers of proteins with a single peptide, two to five peptides, six to 10 peptides and > 11 peptides were 1554, 1771, 436 and 137, respectively. The molecular mass of most identified proteins varied from 11 to 100 kDa with an appreciable average coverage, among which 63.4% of the proteins had a molecular mass of 11 À 50 kDa, 28.8% had a mass of 51 À 100 kDa and 3.6% had a mass of > 100 kDa. Protein sequence coverage with 41 À 100, 21 À 40, 11 À 20 and < 10% variation accounted for 5%, 21%, 30% and 44% coverage, respectively ( Supplementary Fig. S1 ).
Functional annotation and classification
Gene Ontogeny (GO) functional annotation analysis showed that all the identified proteins could be assigned to 52 GO terms at the second level (Fig. 1) . Among the 23 biological process categories, a total of 2969, 2904 and 1912 proteins were involved in 'cellular process', 'metabolic process' and 'response to stimulus', respectively (Supplementary Table S1 ), suggesting that these biological processes play a vital role in plant response to Cd stress process. 'Cell' (3585), 'organelle' (2958) and 'membrane' (1686) represented the most abundant groups in the cellular component category, while 'binding' (2224), 'catalytic activity ' (2045) and 'transporter activity' (183) were the largest categories in the molecular function category (Fig. 1) .
According to COG protein database analysis, all the annotated proteins were classified into 24 clusters (Supplementary Table  S2 ). The most abundant functional categories were 'General function prediction only' (451, 11.57%), followed by 'Posttranslational modification, protein turnover, chaperones ' (338, 8.67%) , and 'Translation, ribosomal structure and biogenesis' (259, 6.64%). In addition, some identified proteins were involved in 'Carbohydrate transport and metabolism' (245, 6.29%), 'Amino acid transport and metabolism' (211, 5.41%), 'Energy production and conversion' (205, 5.26%), 'Transcription' (113, 2.90%) and 'Signal transduction mechanisms' (108, 2.77%), implying that these functional classifications were active under Cd stress in radish roots. In total, 2672 annotated proteins with significant matches were assigned to 123 KEGG pathways (Supplementary Table S3 ). 'Metabolic pathway' [ko01100] (835, 31.25%) was the most dominant pathway, followed by 'biosynthesis of secondary metabolites' [ko01110] 
Identification and functional annotation of DEPs
In this study, only a protein with at least two unique peptides and quantified at a fold change > 1.5 with a P-value of < 0.05 was defined as a DEP. In all, 91, 340 and 298 proteins were identified as up-regulated, and 66, 286 and 254 proteins were identified as down-regulated in control vs Cd10, control vs Cd50 and Cd10 vs Cd50 comparisons, respectively ( Supplementary Fig. S2 ). In terms of the magnitude of fold changes, the most dramatic changes were observed in Cd10 vs Cd50 (0.18-to 11.52-fold), followed by control vs Cd50 (0.214-to 8.41-fold) and control vs Cd10 (0.27-to 7.01-fold) (Supplementary Table S4 ). Venn diagrams of the identified DEPs showed that a total of 33 up-and 26 down-regulated proteins were identified in both control vs Cd10 and control vs Cd50 comparisons (Fig. 2a, b) . As shown in Table 1 , these Cd-responsive proteins were mainly involved in a variety of biological processes, including protein metabolism (18 DEPs), carbohydrate and energy metabolism (24 DEPs), stress and defense (23 DEPs), signal transduction and phytohormones (19 DEPs), cell wall and cytoskeleton (seven DEPs) and lipid metabolism and cell transporters (eight DEPs).
To gain insight into the functional categories altered under Cd stress, GO categories were assigned to the DEPs with a Bonferroni-corrected P-value < 0.01 (Supplementary Table  S5 ). 'Cytoplasmic part' (278, 619 and 548 DEPs in control vs Cd10, control vs Cd50 and Cd10 vs Cd50 comparisons, respectively), 'cytosol' (186, 409 and 355), 'membrane' (185, 383 and 354) and 'cell periphery' (172, 334 and 311) were the major categories in the cellular component. 'Catalytic activity' (214, 450 and 383), 'cation binding ' (104, 186 and 177) , 'metal ion binding ' (96, 172 and 162) and 'oxidoreductase activity' (68, 118 and 111) were the major categories under molecular function. In the biological processes, 'response to stress ' (177, 336 and 299) , 'response to metal ion ' (84, 179 and 144) , 'response to abiotic stimulus ' (135, 271 and 236) and 'response to cadmium ion ' (79, 163 and 129) represented the most abundant categories, indicating that these biological processes were markedly regulated under Cd stress. Moreover, these DEPs were assigned to 101 KEGG pathways ( Fig. 3 
RT-qPCR validation
To validate the correspondence between the transcript level of mRNA and protein abundance, transcriptional analysis of 12 candidate DEPs was conducted using RT-qPCR (Fig. 4) . The expression levels of nine genes (i.e. Catalase 3, Peroxidase 32, Lipoxygenase 2 and Auxin-responsive protein) showed a trend of change the same as or similar to their corresponding protein abundance, implying that most proteins were regulated directly at the transcription level. However, three genes, encoding nonspecific lipid-transfer protein 8, ADP-ribosylation factor 2 and b-1,3-glucanase 3, exhibited an inconsistent relationship between the patterns of mRNA expression and protein abundance. For example, ADP-ribosylation factor 2 was downregulated at transcription level, whereas it was significantly up-regulated at the protein level. This paradoxical discrepancy between mRNA levels and their corresponding protein abundances might attribute to post-translational modifications under Cd stress, such as protein phosphorylation and glycosylation.
Comparison of root proteome with transcriptome profiling data
To further confirm the relationship between transcriptome profiling and proteome level changes under high Cd concertation treatment , correlations of transcripts with proteins were analyzed based on identification, quantification and significantly changed abundance. The association data showed that a total of 688 proteins (56.6% of all the quantified proteins) were detected from the transcriptome data (Supplementary Table S7 ). A total of 33 DEPs could be matched with their cognate DEGs, of which 15 were regulated with the same trends (10 up-regulated and 5 down-regulated) at both protein and transcript levels. However, 18 DEPs showed the reverse trend compared with their corresponding transcripts in the control vs Cd50 comparison ( Supplementary  Table S8 ), indicating a divergent regulation of transcription, post-transcription, translation and post-translation processes. In detail, seven proteins displayed significantly up-regulated expression, while their corresponding mRNAs displayed down-regulated expression. Contrarily, 11 proteins exhibited significantly down-regulated expression while their corresponding mRNAs displayed up-regulation. In addition, 206 DEPs exhibited no change in mRNA expression, while 71 DEGs showed no altered expression in protein levels. The conflicting transcript and protein trends implied that the changes in post-translational modification were not regulated at the transcription level.
Molecular regulatory network of Cd stress response in radish
To maintain normal growth and development under Cd stress, plants have developed coordinated physiological and molecular mechanisms to positively regulate Cd uptake, accumulation, detoxification and homeostasis. To reveal the critical protein networks and metabolic pathways under Cd stress in radish, a schematic molecular model of Cd stress response was proposed based on proteome changes and our previous data on Cd-responsive miRNAs and transcriptomic data (Xu et al. 2013 (Fig. 5) . On detecting Cd 2+ , radish plant cells activated some HM stress-responsive signaling molecules, such as miR160-calmodulin (CaM), calcium-dependent protein kinases (CDPKs), mitogen-activated protein kinase (MAPKs) and calmodulin-like proteins (CMLs), which consequently regulated various metal-containing transcription factor families (e.g. miR159-MYBs, miR172-ERFs, NACs and HSFs) in the nucleus (Fig. 5) . Consequently, a number of miRNA-mediated functional genes involved in the coordinated regulatory network of the Cd stress response were triggered to enable positive adaptive responses geared to curtailing or averting Cd damage.
In detail, the enhanced expressions of key proteins involved in carbohydrate metabolism, glycolysis and the tricarboxylic acid (TCA) cycle (e.g. NADPs, NADH and PKs) provided an essential energy source for the growth and metabolism of Cdstressed radish plants. Moreover, the increased expressions of some crucial enzymes involved in the antioxidant defense system [e.g. miR156-GSTs, superoxide dismutase (SOD), peroxidases (PODs) and catalases (CATs)] could help to scavenge Cdinduced excess reactive oxygen species (ROS) and re-establish redox homeostasis in radish plant cells. Notably, some critical metal-binding peptides [e.g. miR393-phytochelatin synthase (PCS) and metallothioneins (MTs)] were activated to chelate and sequester Cd 2+ into the vacuole, while myriad metal transporters [e.g. zinc iron permeases (ZIPs), miR159-ABCs and miR408-yellow stripe-like transporter (YSL)] were activated to transport Cd 2+ out of the cell or translocate them to the aboveground organs . Additionally, the significantly differential regulation of some proteins associated with protein degradation and lipid metabolism [e.g. eukaryotic initiation factors (eIFs), elongation factors (EFs) and non-specific lipidtransfer proteins (nsLTPs)] could maintain normal protein synthesis as well as lipid metabolism and energy homeostasis in Cd-stressed radish roots. Taking the results together, the efficient positive regulation of these biological processes provides an adequate supply of energy and nutrient to reduce or eliminate Cd-induced toxicity and maintain redox balance in radish plants.
Discussion
Cd is one of the most widespread environmental contaminants, posing a potential threat to human health via environmental exposure and dietary ingestion. The efficient management of soil Cd contamination and reduction of Cd risks to living organisms now constitute an urgent health issue worldwide (Ishikawa et al. 2012) . In recent decades, increasing numbers of transcriptome studies have tried to unravel the molecular basis of the Cd stress response in some model and crop species (Lee et al. 2010 . Nevertheless, the molecular mechanisms of Cd uptake, translocation and accumulation at the proteome level remain largely unexplored, especially for Fig. 4 RT-qPCR validation of mRNA expression level of genes that correspond to 12 differentially expressed proteins. Data are mean ± SE from three biological replicates. Statistical significance was determined by Duncan's multiple comparison test at P < 0.05 using SPSS 20.0 software. Different letters indicate significant differences between columns (P < 0.05). vegetable crops. Despite radish being a major root vegetable crop worldwide, systematic investigation of Cd-induced differentially regulated proteins and their functions involved in Cd stress regulatory network has yet to be performed in this crop. In the current study, using an iTRAQ-based quantitative proteomics approach, a total of 3,898 proteins were identified under Cd stress, of which 157 and 626 exhibited significant differential abundance in the control vs Cd10 and control vs Cd50 comparison, respectively. To the best of our knowledge, this is the first study on the systematic proteomic characterization of Cdexposed root proteomes in radish.
Signal transduction and phytohormones played vital roles in Cd stress response
The signal transduction pathway is an integral component of regulatory networks associated with plant responses to many developmental, hormonal and environmental stimuli. The CaMs, CMLs and CDPKs are important Ca 2+ signaling sensors in plant signal transduction pathways, which have been proven to play vital roles in the regulatory network of plant response to HM stress , Zhou et al. 2016 . In this study, two CaMs (Unigene1570, Unigene27417), one CML27 (CL9806.Contig1) and one CDPK (Unigene24993) were significantly down-regulated under Cd50 treatment, indicating that the calcium signaling pathway might be repressed under highCd stress. Cell perception and transmission of stress signals are the critical first steps for a plant to initiate positive activities in response to HM stresses (Singh and Jwa 2013) . It is well known that the protein kinases and phosphatases are critical players in plant cell signals under various HM stresses . The 14-3-3 protein is an important protein kinase implicated in Al stress responses in rice (Chen et al. 2006) . In this study, the abundance of 14-3-3-like protein GF14 (CL14642.Contig1) was markedly increased under Cd50 treatment, implying that this protein is involved in the signal transmission of Cd stress in plants.
Phytohormones play important roles in plant responses to various abiotic stresses. Some studies reported that jasmonate (JA) is a crucial signaling molecule involved in plant responses to heavy metals , Zhou et al. 2016 . Lipoxygenase (LOX) is one of the most important enzymes responsible for JA biosynthesis in plants. Our proteomic analysis showed that the abundance of LOX2 protein (CL789.Contig1, 2, 3, 4) was markedly increased under both Cd10 and Cd50 treatment, which was in accordance with previous studies of Al-induced up-regulation of LOX in rice (Jiang et al. 2015) and soybean (You et al. 2011) roots. This study provides the first experimental evidence that the LOXs are involved in Cd stress responses in plants.
Cd stress altered carbohydrate and energy metabolism
In plants, carbohydrate and energy metabolisms represent vital biological processes for the maintenance of metabolic pathways and carbohydrate balance. Carbohydrates are the most abundant metabolites and serve as energy sources and signaling molecules in plant responses to abiotic stresses. The relationship between the accumulation of carbohydrates and enhanced HM tolerance has been reported in some plant species , Jiang et al. 2015 . In the present study, five up-regulated DEPs, including ribulose-1,5-bisphosphate carboxylase/oxygenase small subunit (Unigene9309), NADP-malic enzyme 2 (CL1180.Contig20), NADP-specific isocitrate dehydrogenase (CL7782.Contig1), nitrate reductase (NADH) (CL103.Contig1) and monodehydroascorbate reductase (NADH)-like protein (CL11999.Contig2), were involved in carbohydrate metabolism ( Table 1) . Our findings are in agreement with previous studies on Cd-induced up-regulation of carbohydrate metabolismrelated proteins in soybean and poplar . These highly expressed proteins may play important roles in meeting the essential energy demand of radish plants under Cd stress. Moreover, ribulose-1,5-bisphosphate carboxylaseoxygenase (Unigene9309), a vital enzyme in regulating carbon fixation, was significantly induced under low Cd concentration, suggesting that enhanced carbon fixation might contribute to Fig. 5 Schematic overview of root response to Cd stress based on proteome changes and miRNA/DEG data in radish. CaM, calmodulin; CATs, catalases; CDPKs, calcium-dependent protein kinases; CMLs, calmodulin-like proteins; CPNs, chaperonins; eIFs, eukaryotic initiation factors; EFs, elongation factors; LGL, lactoylglutathione lyase; MAPKs, mitogen-activated protein kinases; MTs, metallothioneins; nsLTP, non-specific lipid-transfer protein; PCS, phytochelatin synthase; ROS, reactive oxygen species; SOD, superoxide dismutase; PAP3, Plastidlipid associated protein 3; PODs, peroxidases; YSL, yellow stripe-like transporter; ZIP, zinc iron permease. (Singh and Jwa 2013) . In this study, five DEPs were identified to be involved in the glycolysis pathway ( Table 1) . Although glycosyl hydrolase family 18 protein (Unigene18459) was induced under Cd10 treatment, the other four DEPs, pyruvate kinase (PK) (CL8320.Contig1, CL14641. Contig4), glycosyl hydrolase family 38 protein (Unigene 25701), 6-phosphogluconate dehydrogenase (Unigene 26306) and 6-phosphofructokinase 6 (CL14404.Contig1), showed significantly up-regulated expression under Cd50 treatment. Moreover, six DEPs involved in the TCA cycle pathway, including 2-oxoglutarate dehydrogenase E2 subunit (CL5448.Contig1, 5), pyruvate decarboxylase-2 (Unigene28395), NADP-specific isocitrate dehydrogenase (CL7782.Contig1), pyruvate dehydrogenase complex E1 alpha subunit (Unigene19558), UDP-glucose dehydrogenase 2 (CL279.Contig2, 3) and D-3-phosphoglycerate dehydrogenase (CL714.Contig1), also exhibited consistently increased expression under Cd10 or Cd50 treatment. Similar up-regulation patterns of key proteins involved in glycolysis and the TCA cycle were observed in Al-stressed soybean (Duressa et al. 2011) , rice and citrus (Jiang et al. 2015) . Collectively, the increase in these proteins enhanced glycolysis and TCA cycle pathways, which could contribute to a positive balance of energy production and conversion to compensate for the high energy demand in Cd-treated radish plant cells.
Stress-and defense-related proteins were activated by Cd stress
Exposure of plants to HMs triggers the excess generation of ROS. In plants, the effective scavenging of ROS and redox homeostasis can be achieved by a series of antioxidant compounds and enzymes comprising SOD, POD, ascorbate peroxidase (APX), CAT and glutathione reductase (GR), etc. In recent years, myriad functional proteins associated with redox and antioxidant properties have been proven to play vital roles in plant responses to Cd, Al and Hg stress , Zhou et al. 2016 . As expected, some ROSscavenging enzymes, such as glutathione S-transferase (GST), POD, Cn/Zn-SOD, Mn-SOD and CAT, were identified in this study. In detail, three SODs (Unigene20486, Unigene8530 and CL11601.Contig2) were markedly repressed under Cd10 and/or Cd50 treatment. Four out of seven PODs (Unigene27310, CL2682.Contig1, Unigene8343 and CL1027.Contig4) were Peptides represented the total number of detected peptides (at the 95% confidence level) for each protein species. c Only proteins with fold change > 1.5-or < 0.67-fold were classified as significantly increased or decreased (*P < 0.05), respectively.
dramatically increased under Cd10 treatment, whereas all of these PODs decreased under Cd50 treatment. Notably, two CAT3 enzymes (CL5587.Contig3, 4), the critical scavengers of peroxides, showed significant up-regulation under Cd10 and Cd50 treatment, which could protect Cd-exposed cell membranes from hydroxyl radical-induced lipid peroxidation . These differentially regulated proteins involved in the antioxidant defense system might help radish plants to re-establish redox homeostasis under Cd stress. GST-mediated ROS scavenging is an essential biological process implicated in plant responses to stress (Clemens et al. 2013 . Overexpression of GSTs in rice and soybean led to increased metal-binding capacity, which resulted in the enhancement of the cellular defense against oxidative stress (Ahsan et al. 2012) . GR is an enzyme that helps to protect cells against oxidative stress (Kieffer et al. 2009 ). Our proteomic results showed that both GST (CL3632.Contig2) and GR (CL5893.Contig1) were significantly induced under Cd50 treatment. Since GST and GR are key enzymes for phytochelatin (PC) biosynthesis, it can be suggested that the enhanced expression of GST and GR could contribute to the synthesis of PC for cytosolic Cd detoxification. Heat-shock proteins (HSPs), also known as important molecular chaperones, were responsible for protein stabilization, folding and assembly under abiotic stress conditions . In this study, >2-fold increased abundance of HSP70 and HSP81-4 protein was observed in the control vs Cd10 and control vs Cd50 comparisons, respectively. This high abundance of HSP proteins might play important roles in maintaining normal protein conformation and cellular homeostasis under Cd stress.
In addition, some other stress-related proteins, including late embryogenesis abundant protein (Unigene6569), lactoylglutathione lyase (LGL, CL4859.Contig1) and pathogenesisrelated protein PR1 (Unigene29834), showed increased abundance under Cd10 and/or Cd50 treatment. Interestingly, some PR proteins were also dramatically up-regulated in the roots of Al-stressed soybean and Cd-stressed rice (Lee et al. 2010 , Kieffer et al. 2009 ). Further studies are required to clarify the precise functional roles of PR proteins in the molecular regulatory network of Cd stress response in radish.
Cd-induced alteration in protein and lipid metabolism
Protein synthesis, degradation and modification are important coordinated regulatory pathways for the acquisition of a positive cellular response to environmental stresses (Araújo et al. 2011) . Previous studies showed that the ubiquitin/26S proteasome system played important roles in regulating cellular processes of plant growth and development, signal transduction transcription and stress responses (Smalle and Vierstra 2004, Oh and Komatsu 2015) . In this study, six DEPs, comprising two up-regulated 26S proteasome proteins (CL3378.Contig1, CL7338.Contig1, 2) as well as one up-(CL13112.Contig1) and three down-regulated (CL13876.Contig1, CL83.Contig2, CL3280.Contig5, 7) ubiquitin proteins, were involved in the ubiquitin/26S proteasome system ( Table 1) . The protein degradation not only provides molecular substrates for plant respiration but also initiates adaptive responses to various abiotic stresses (Fukao et al. 2011 , Fan et al. 2015 . This study provides a first evidence that the ubiquitin/26S proteasome system could play crucial roles in cellular processes of Cd stress response in root vegetable crops such as radish.
The eIFs and EFs are important participants in translation initiation and peptide chain elongation (Fan et al. 2015) . Our proteomic analysis showed that two eIFs (CL12105.Contig1, CL2084.Contig1, 2, 3, 4) and one EF protein (CL14365.Contig4, 5) were up-regulated under Cd50 treatment. Moreover, although one 40S ribosomal protein (CL10025.Contig1, 2, 3, 4) was downregulated, the abundances of the other five 60S ribosomal proteins were markedly increased under Cd10 and Cd50 treatment. The high expression of these proteins could accelerate protein synthesis, which partially contributes to the balance of protein synthesis and degradation in Cd-stressed radish root.
Lipid metabolism plays a critical role in cell structure and plant developmental processes (Kosova et al. 2011) . In this study, the non-specific lipid-transfer protein 8 (nsLTP8, Unigene10298) was up-regulated under Cd10 treatment and then down-regulated under Cd50 treatment; this protein may participate in transporting phospholipids and lipid compounds across cell membranes. Moreover, the abundances of four DEPs, namely acetyl-CoA acetyltransferase (CL7122.Contig2, 3), acyl-CoA synthetase (CL7579.Contig1, 2), oxalyl-CoA decarboxylase (CL11092.Contig1, 2) and phospholipase D alpha 1 (CL2476.Contig2), were significantly increased, implying that they played critical roles in maintaining normal lipid metabolism and cellular energy balance under Cd stress in radish.
Conclusions
This is the first systematic report on the genome-scale characterization of Cd-exposed root proteomes in radish. In total, 91 up-and 66 down-regulated proteins were identified in the control vs Cd10 comparison, while 340 up-and 286 down-regulated proteins were identified in the control vs Cd50 comparison. Functional annotation revealed that these proteins were mainly involved in the carbohydrate and energy metabolism, stress and defense and signal transduction pathways. The accuracy and authenticity of the proteomic data were well confirmed using RT-qPCR analysis. A number of candidate target proteins related to carbohydrate metabolism, ROS scavenging, cell transport and signal transduction were found to be involved in the coordinated regulatory network of the Cd stress response in radish. Further functional characterization of these DEPs could be helpful for better understanding of the biological processes governing Cd detoxification and homeostasis in root vegetable crops. These findings could facilitate comprehensive clarification of molecular regulatory network of the Cd stress response in radish, and provide valuable information for further genetic manipulation of Cd accumulation in radish and other root vegetable crops.
Materials and methods
Plant materials and growth conditions
Radish seeds of the advanced inbred line 'NAU-RG' were surface-sterilized, rinsed and germinated in an incubator at 25 C for 3 d. Germinated seeds were sown in a mixture of soil and vermiculite (2:1 v/v) and cultivated in a controlled growth chamber under a photoperiod of 14 h light at 25 C/10 h dark at 18 C. Three-week-old seedlings were transplanted into hydroponic tanks filled with half-strength Hoagland nutrient solution (pH 5.4) for 1 week. Due to the relatively high Cd tolerance of the radish plant, the seedlings were treated with 10 and 50 mM CdCl 2 for 12 h. Hydroponic solution was refreshed every 3 d. Seedlings grown in Cd-free nutrient solution were used as controls. Root tissues were harvested after a 12-h treatment, and immediately frozen in liquid nitrogen and stored at À80 C for further use.
Protein extraction and iTRAQ labeling
Briefly, a total of 600 mg of mixed root samples (200 mg of independent root sample from three replicates) were ground in liquid nitrogen. The fine powder was transferred into 5 ml of 10% m/v TCA/acetone and incubated at À20 C for 2 h. Then, the TCA/acetone was removed by centrifugation at 12,000 rpm for 15 min at 4 C. Dried pellets were then lysed with 500 ml of protein extraction reagent (0.8 M sucrose, 100 mM KCl, 50 mM EDTA pH 8.0, 1 mM PMSF (Phenylmethanesulfonyl fluoride), 50 mM Tris-HCl pH 8.5 and 10 mM DTT (Dithiothreitol)). After sonicating for 15 min, the suspension was centrifuged at 12,000 rpm for 20 min at 4 C. The supernatant was treated with 10 mM DTT for 1 h at 56 C and then alkylated in 55 mM iodoacetamide (IAM) for 1 h at room temperature. Proteins were precipitated in acetone for 2 h and centrifuged at 12,000 rpm for 20 min. Protein pellets were then dissolved in prechilled 500 mM triethylammonium bicarbonate (TEAB) buffer. The concentration and quality of the resulting protein were assayed using the Bradford method (Marino et al. 2016 ).
Protein digestion, iTRAQ labeling and SCX fractionation
A total of 100 mg of proteins for each sample was digested with trypsin solution (Promega, Madison, WI) at 20:1 mass ratio for 16 h at 37 C, and then lyophilized and dissolved in 0.5 M TEAB buffer. Labeling was processed with 8-plex iTRAQ reagent according to the manufacturer's instructions (AB Sciex, Foster City, CA, USA). In brief, 1 unit of iTRAQ reagent was reconstituted in 24 ml of isopropanol. The control sample was labeled with tag 118 and the Cd10-and Cd50-treated samples with tags 116 and 121, respectively. The labeled peptides were incubated for 2 h at room temperature and then pooled and dried using vacuum centrifugation. For peptide fractionation, strong cationic exchange (SCX) chromatography was carried out with an LC-20AB HPLC Pump system (Shimadzu, Kyoto, Japan) in an Ultremex SCX column (4.6 Â 250 mm) as previously described (Li et al. 2014 , Chu et al. 2015 .
Liquid chromatography-electrospray ionizationtandem mass spectroscopy analysis Each fraction was resuspended in buffer A (5% ACN (acetonitrile), 0.1% FA (fatty acid)) and centrifuged at 20,000 rpm for 10 min. In total, 10 mL of supernatant was pre-concentrated in a C18 guard column (2 cm) and eluted onto an analytical C18 column (10 cm) with inner diameter of 75 mm using an LC-20AD nanoHPLC system (Shimadzu, Kyoto, Japan). The gradient program of flow rate and elution system followed the previous procedure (Marino et al. 2016 ). The nanoHPLC-purified peptides were subsequently analyzed by tandem mass spectrometry (MS/MS) using a Triple TOF 5600 System (AB SCIEX, Concord, ON) .
Database search and protein quantification
Raw MS/MS data were processed for protein identification and quantification with ProteinPilot software 3.0.1 (AB Sciex Inc.) according to previously reported protocols (Martínez-Esteso et al. 2013) . Searches were made against the nonredundant NCBI nr protein database with Mascot version 2.3.02 (Matrix Science, London, UK) using the recommended search parameters (Koh et al. 2015) . To reduce the probability of false peptide identification, only a peptide with a significant score of !20 at the 99% confidence level was considered a confident protein. The protein ratio was normalized using the median average protein ratio for unequal mixes of different labeled samples. Only proteins quantified at a fold change of >1.5 with a P-value < 0.05 and at least two unique peptides were considered as significantly differentially expressed.
Functional category was searched against the non-redundant protein database using Blast2GO program (https://www.blast2go.com/). To further determine significantly enriched functional subcategories and metabolic pathways, the identified proteins were assigned to the databases of Clusters of Orthologous Groups of proteins (COG) (http://www.ncbi.nlm.nih.gov/COG/) and the Kyoto Encyclopedia of Genes and Genomes (KEGG) (http://www.genome.jp/kegg/pathway.html) with a cut-off E-value of 10 À5 and a Q-value 1, respectively.
RT-qPCR
To validate the expression changes of DEPs at the transcription level, a total of 12 genes from the proteomic data were randomly selected for RT-qPCR analysis. Total RNA from Cd-free and Cd-treated radish roots was isolated with Trizol reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's instructions. PCR analysis was carried out with SYBR Green PCR Master Mix (TaKaRa, Dalian, China). The PCR reaction and amplification were performed according to our previously reported protocols . Each sample was assayed in three technical and three biological replicates. The ACT gene was employed as the internal standard. Relative expression level was calculated with the 2 ÀÁÁCT formula. Statistical significance was determined by Duncan's multiple comparison test at the P < 0.05 level using SPSS 20.0 statistical software (SPSS Inc., Chicago, IL, USA). The designed primers for qPCR analysis are shown in Supplementary Table S9 .
Supplementary data
Supplementary data are available at PCP online.
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